Background: Coagulation is a treatment procedure for metalworking fluids (MWFs). This study aimed to optimize coagulation using four coagulants and compare the results. Methods: In this research, the outputs of a coagulation procedure in chemical oxygen demand (COD) removal, turbidity, and the release of oil were investigated using four coagulants, ferric chloride (FeCl 3 ), ferric sulfate (Fe 2 (SO 4 ) 3 , calcium chloride (CaCl 2 ), and aluminum sulfate (Al 2 (SO4) 3 . To optimize the process, a central composite design (CCD) and response surface methodology (RSM) were used. Results: Under optimal conditions for using calcium chloride (coagulant concentration 4.2 g/L and pH 3.71), COD and turbidity removals and oil released were respectively 93%, 96.9%, and 31.8 mL. COD and turbidity removals and oil released using aluminum sulfate as a coagulant under optimal conditions (5.36 g/L, pH 4.64) were 75.7%, 89.9%, and 28.9 mL, respectively. With respect to ferric sulfate under optimal conditions (6.25 g/L, pH 3.4), COD and turbidity removals were 60% and 84.1%, respectively and oil released was 16.1 ml. COD and turbidity removals and the greatest amount of oil released by ferric chloride under optimal conditions (3.16 g/L, pH 3.5) were 54.4%, 84.7%, and 15.9 ml, respectively. 
Introduction
Industrial metalworking fluids (MWFs) have several applications in metalworking processes such as machining and lathe operations. While cooling down the manufactured parts and machining tools, these fluids lubricate and remove segregated work piece materials (1) . More than 300 substances are employed in the production of different types of MWFs. The microbial degradation of water-miscible MWFs creates a wide range of problems, such as color changes in emulsion, lower quality workpieces, and unsatisfactory functioning of machining equipment. Likewise, high degrees of microbial loading may lead to health problems for the workers. MWFs lose their properties due to prolonged use and must be replaced with fresh MWFs (2) . As a result, a large volume of wastewater containing chemical oxygen demand (COD) with high turbidity is generated; this discharge causes environmental risks and needs to be treated to meet discharge-related standards (3) . Some treatment methods, such as chemical coagulation (4) , and biological processes (5) were used to treat this kind of wastewater. Due to high concentrations of oil and antimicrobial agents, this type of wastewater cannot be thoroughly treated by means of biological processes; however, chemical coagulation is an appropriate procedure for treatment. The proper application of this process depends on careful scrutiny in selecting the amount of coagulant and the pH. Classical methods have some limitations, like being highly timeconsuming because of the experiments and the high cost of consumables that can be removed by statistical experimental designs. Furthermore, in this method, it is impossible to examine the interactions among variables (6, 7) . Response surface methodology (RSM) is a proper approach that also omits these limitations. This study was conducted in 2014 at the School of Public Health of Qazvin University of Medical Sciences. It aimed to optimize the treatment of MWFs wastewater with four coagulants, ferric chloride, ferric sulfate, calcium chloride and aluminum chloride (aluminum sulfate), and compare their effectiveness in treatment. The main focus of this study was on optimization and modeling of the response and predictions. The optimization of parameters, modeling of response, and predictions were done by RSM.
Methods
In this study, four coagulant solutions (Merck, Germany), ferric chloride (FeCl 3 ), ferric sulfate (Fe 2 (SO 4 ) 3 ), calcium chloride (CaCl 2 ), and alum (Al 2 (SO 4 ) 3 , were prepared and used during the study. Coagulation and flocculation processes were conducted by means of a conventional jar-test (made in Iran) apparatus with impellers equipped with six 1.5 cm × 3.5 cm rectangular blades. Jar testing steps include rapid and slow mix with mixing speeds of 90 and 30 rpm, respectively. Times were set at 1 and 20 minutes for each step, respectively, while 30 minutes was considered as settling time. Central composite design (CCD) and RSM were applied to evaluate the relations between three responses (COD removal efficiency, turbidity, and amount of oil released) and two variables (amount of coagulant and pH). Design Expert software (Stat-Ease Inc., Minneapolis, USA) was utilized for designing, statistical modeling, and optimization of the variables influencing the elimination of responses. Before designing the research, the range of coagulant amounts to use and the pH were obtained through some preliminary experiments. The coagulant amounts ranged from 0.1 g/L to the limit for appropriate reduction efficiency rates for COD and turbidity and increasing the amount of oil released. To find an effective range of pH, a wide range from 2 to 12 was examined. The ranges of pH and coagulant amounts were pH = 2-6 and 3-6 g/L for FeCl 3 , pH = 3-7 and 3-7 g/L for Al 2 SO 4 , pH = 2.5-5.5 and 4.5-6 g/L for Fe 2 SO 4 , and pH = 2-5 and 2.5-5.5 g/L for CaCl 2 . The maximum, median, and minimum values (-1, -0.5, 0, +0.5, +1) of each variable (including coagulant amounts (A) and pH (B)) were specified based on CCD (Table 1) .
In this study, the experimental design for each coagulant was performed based upon the full factorial design as 13 (2 k + 2k), where k is the number of factors ( = 2) and 5 additional experiments were performed as the reproducibility of center point. Totally 52 experiments were carried out for four coagulants. The second-order model equation used to describe the system behavior can be stated as the following: 3 through some preliminary experiments. The coagulant amounts ranged from 0.1 g/L to the limi for appropriate reduction efficiency rates for COD and turbidity and increasing the amount of oi released. To find an effective range of pH, a wide range from 2 to 12 was examined.
The ranges of pH and coagulant amounts were pH=2-6 and 3-6 g/L for FeCl3, pH=3-7 and 3-7 g/L for Al2SO4, pH=2.5-5.5 and 4.5-6 g/L for Fe2 SO4, and pH=2-5 and 2.5-5.5 g/L for CaCl2. Th maximum, median, and minimum values (-1, -0.5, 0, +0.5, +1) of each variable (including coagulant amounts (A) and pH (B)) were specified based on CCD (Table 1) .
In this study, the experimental design for each coagulant was performed based upon the ful factorial design as 13 (2 k + 2k), where k is the number of factors (=2) and 5 additional experiment were performed as the reproducibility of center point. Totally 52 experiments were carried out fo four coagulants.
The second-order model equation used to describe the system behavior can be stated as the following:
where Y, i, j, β, e, and k are the response variable, linear constant, quadratic constant, regression constant, random error, and number of parameters, respectively. Following the analysis of experimental data, optimal conditions were determined graphically Two-dimensional plots for the four coagulants (FeCl3, Fe2 (SO4)3, CaCl2 and Al2 (SO4)3) wer plotted based on the effects of the two factors (coagulant amount and pH) in five levels (1) where Y, i, j, β, e, and k are the response variable, linear constant, quadratic constant, regression constant, random error, and number of parameters, respectively. Analysis of variance (ANOVA) was performed for model selection. Significant model terms were identified at 95% when the modified model was obtained through the elimination of non-significant factors.
For graphic analysis of the data and to determine the interactive effects between the independent variables of the process and responses, ANOVA was performed. The quality of the model fitting was determined by R 2 and adjusted R 2 determination coefficient, and the Fischer test (F-test) was used for statistical significance; P≤0.05 was determined as the significance level. Following the analysis of experimental data, optimal conditions were determined graphically. Two-dimensional plots for the four coagulants (FeCl 3 , Fe 2 (SO 4 ) 3 , CaCl 2 and Al 2 (SO 4 ) 3 ) were plotted based on the effects of the two factors (coagulant amount and pH) in five levels. Furthermore, numerical optimization was performed for the four coagulates, selecting "in range" for both factors (coagulant dose and pH) and putting all responses in maximized mode. With numerous responses, the optimum conditions where all variables concurrently met the desirable removal criteria could be plotted graphically by overlaying the response surface contours in an overlay diagram. Graphical optimizations for various parameters were determined by overlaying the contour plots. To confirm the agreement of the results obtained from the model and the real conditions using each coagulant, two extra experiments were performed utilizing the optimal circumstances.
Results
Based on the experimental results, CCD values for the four coagulants are presented in Table 2 . According to the obtained results, the highest COD removal efficiency rates of FeCl 3 , CaCl 2 , Alum, and Fe 2 (SO 4 ) 3 were 56%, 96.1%, 81%, and 67%, respectively. The highest percentages of turbidity removal by the four mentioned coagulants were 98%, 100%, 94%, and 97.1%, respectively. The amounts of oil released were 17.2 mL, 36 mL, 30 mL, and 15 mL, respectively. The results obtained from ANOVA for the removal of COD and turbidity, the amount of oil released, and the modified models are presented in Table 3 . Using CaCl 2 under optimal conditions (coagulant concentration = 4.2 g/L; pH = 3.3), COD and turbidity removal rates and the amount of oil released were 93%, 96.9%, and 31.8 ml, respectively. COD and turbidity removal rates and the amount of oil released by aluminum sulfate as coagulant under optimal conditions (coagulant concentration = 5.36 g/L; pH = 4.64) were 75.7%, 89.9%, and 28.9 ml, respectively. With respect to Fe 2 (SO 4 ) 3 under optimal conditions (6.25 g/L, pH 3.4), COD and turbidity removal rates and the amount of oil released were 60%, 84.1%, and 16.1 ml, respectively. COD and turbidity removal rates and the highest amount of oil released by FeCl 3 under optimal conditions (3.16 g/L and pH 3.5) were 54.4%, 84.7%, and 15.9 ml, respectively. The desirability of the models for each coagulant was found to be 93.6%, 87.6%, 91.2%, and 85%, respectively. The contour plots for the effective factors in reducing COD and turbidity and increasing the amount of oil released by the four coagulants are plotted in Figures 1 to 3 . By overlaying the four contour plots, the optimum removal efficiencies for COD and turbidity, and the amount of oil released were obtained and are shown in Figure 4 .
Discussion
The lack of fit (LOF) defines the variation of data around the fitted model. If the model does not fit the data well, this test will be significant (8) . In this study, the lack of fit test was not significant for any of the responses, indicating a good fit of the data to the model.
) expresses the quality of the quadratic polynomial model fit. This parameter shows the ratio of the sum of squares of regression (SSR) to total sum of squares (SST) (9,10). The high value of R 2 shows the satisfactory agreement of the experimental data with the quadratic model. In all cases of this study, the values of R 2 were found to be higher than 0.9 for all responses; thus, it can be said that the quadratic model has a good fitness for the data. In other words, AP compares the mean prediction error with the range of values predicted at design points. Ratios above 4 show the adequacy of the models (11) . In this research, the AP values for all responses were greater than 4, indicating the high predictive ability of this model in the obtained results. The coefficient of variation is a measure of the residual variation of the data relative to the size of the mean. It is the standard deviation divided by the dependent mean and expressed as a percentage. The coefficient of variation (CV) is very low, indicating that the experimental values have a very high degree of precision and a good deal of reliability. Typically, a model will be considered as reproducible when its CV value is within the acceptable range of 10% (12) . In this study, the values of CV for all responses except the amount of oil released and the removal of COD by alum were not greater than 10%, which demonstrates high precision in the results and the reproducibility of the model. Figure 4A illustrates an overlay scheme of the optimum condition for CaCl 2 . According to this diagram, the optimal area for the three responses, COD, turbidity, and the amount of oil released, was a concentration range of 3-4.5 g/L and a pH range of 2.75-4. In this area, the minimum removal values for COD and turbidity and the amount of oil released were 85%, 95%, and 30 mL, respectively. The results of a research on the application of aluminum chloride and CaCl 2 in a combined treatment method incorporating MWF emulsion destabilization and vacuum filtration illustrated that aluminum chloride left a minimal effect on the destabilization of MWF emulsion, while a 0.05 mol/L concentration of CaCl 2 increased the efficiency of this combined system in removing COD up to 90% (13) . This confirms the desirability of using aluminum chloride in the treatment of MWFs. Similarly, the results from the application of CaCl 2 along with a cationic coagulant as an emulsion breaker in the treatment of industrial wastewater containing oily materials demonstrated that in a concentration of 1 g/L of this chemical compound, the COD removal efficiency was 90%, which was largely consistent with the results of the current research (14) . The lack of complete emulsification of oil in an aqueous solution was considered as the reason for the lower consumption of this coagulant (15) . With respect to the FeCl 3 graph presented in Figure 4B , a concentration of 3.25-5 g/L and a pH range of 3-4 were optimum conditions of the process factors for the three responses related to COD removal, turbidity, and the amount of oil released. In order to achieve this condition, the minimum removal of COD and turbidity and the amount of oil released were selected 40%, 85%, and 13 mL, respectively. As can be observed in Figure 4C , for the coagulant alum, a concentration of 4.5-5.5 g/L within a pH range of 4.5-5.4 was optimum, and the minimum removal rates of COD, turbidity, and the amount of oil released were 70%, 85%, and 20 mL, respectively. The treatment of industrial MWFs using electrocoagulation with aluminum electrode indicated that increasing pH will raise the removal rates of turbidity and COD. In this case, the removal efficiencies for COD and turbidity were 92% and 99%, respectively, indicating the good effectiveness of aluminum in removing these two contaminants from industrial wastewater. Canizares et al reported that pH has a strong influence on the COD removal from oil-water emulsion by alum destabilization. They reported that the best results are only attained in a pH range of 5-9; that is somewhat consistent with the current results (16) . Aluminum species present in an aqueous solution depend on the aluminum concentration and pH. In this point of attitude, it is more important to take into account that the aqueous chemistry of aluminum is especially complex, as it involves the formation of polymeric hydroxo-aluminum ions and monomeri and precipitates of aluminum hydroxide. Thus, the primary species are monomeric, cationic hydroxoaluminum species in acidic conditions. Increasing the pH causes the coexistence of these monomeric species with rising polymeric cations and precipitates. At the neutrality condition of pH, the main species are the aluminum hydroxide precipitates that can be completely charged; however, increases in pH produce the reversal charge, leading to negatively-charged precipitates. Additional increases in the pH cause the dissolution of precipitates to monomeric anionic hydroxo-aluminum form, which is the primary species at alkaline pHs (17) . Figure 4D illustrates an overlay scheme for the characterization of the optimum point for the Fe 2 (SO 4 ) 3 coagulant. For the three responses, the optimum conditions were a concentration of 5.25-6.75 g/L and a pH range of 3.7-4.7. In order to achieve this condition, the minimum removal rates of COD and turbidity and the amount of oil released selected were 60%, 90%, and 13.5 The results demonstrated that with an equal consumption of each coagulant (3 g/L), the COD removal efficiencies of each coagulant were 85%, 58%, 49%, 40%, 46%, and 46%, respectively (19) . The attachment of adsorbing macromolecules to more droplets by means of bridging flocculation is the main mechanism of destabilization. This mechanism inducts electrically-charged species as reagents, and these species can join through attractive electrical forces with oppositely charged active sites which are present on the droplet surface. Furthermore, to bridge flocculation, some researchers have indicated the oil removal from emulsified effluents through adsorption properties by increasing metal hydroxides in the coagulation-flocculation method (1-3). The efficiencies of oil removal were reported as 65%, 85%, 60%, 53%, 50%, and 50%, respectively. These results were in agreement with those of the current study and indicated the good performance of CaCl 2 compared to other coagulants. 3 , indicating the high rate of consumption of common coagulants in the treatment of wastewater (20) . The results of the present study showed that the percentage of turbidity removal depended on the initial concentration of turbidity in MWFs. For CaCl 2 , the optimal concentration was 6%, while for alum, oil was better separated from emulsion in lower concentrations (2%-4%). Since the practical concentration of MWFs in workshops is commonly 6% and CaCl 2 leaves less environmental impacts compared to alum, CaCl 2 is considered a higher priority in the destabilization of oil emulsions. Optimal value for consumption of CaCl 2 in the current work was 3.6 g/L, and turbidity was reduced to an acceptable value (20 NTU). COD reduction was relatively low in comparison with the results of this research, which may due to the type of MWF wastewater being studied.
To confirm the results obtained from the experimental data, three additional experiments were performed for each coagulant and the results were compared. Verification of the experimental results at optimum conditions for the four coagulants are shown in Table 4 .
The results indicate good agreement between the predictive data obtained from the models and the experimentally measured data (independent data).
Conclusion
Physical-chemical methods are recommended for the pretreatment of MWFs; among them, coagulationflocculation is one of the plain and usual methods. Although many coagulants are available for the treatment of water and wastewater, selecting the most effective coagulant for a specific wastewater still depends greatly on the results of laboratory jar testing. Calcium chloride as an uncommon coagulant for the treatment of wastewater was investigated in this study for MWFs wastewater treatment. Alum, ferric chloride, and ferric sulphate as conventional coagulants were applied to the same wastewater for performance comparison. The results showed calcium chloride had a higher removal efficiency in the reduction of organic load and suspended solids of MWF compared with the other three coagulants used for such industrial wastewater treatment. Furthermore, the results showed good agreement between experimental data and the predicted equation.
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